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ABSTRACT
Urban resilience emerges not only from ‘what’ is done in relation to critical infrastructure systems, but
in the ‘how’ of their conception, co-creation and integration into complex socio-ecological-technical
systems. For green infrastructure, where ownership and agency may be distributed amongst organisa-
tions and diverse communities, inclusiveness and appropriateness require embedding in engineering
assessments of green infrastructure and resilience. Through consideration of past, present and future
engineering and resilience assessments – from monetising, through greening, to humanising – this
paper examines the ways in which GI may be or has already contributed to enhancing urban resilience
and types of assessment and indicators that have been or could be used. We suggest that enhancing
visibility of the ‘whos’ (individuals, communities) is crucial to fully diversifying assessments. We also
suggest some ideas for additional indicators and assert that co-production of future indicators needs to
be undertaken with appropriate professionals (e.g. social impact assessment professionals).
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1. Introduction
With a global focus on resilience and cities, the term ‘urban
resilience’ has emerged to frame how actors and infrastructures
across all scales (individual, household, community, organisation,
region) contribute to the capacity to survive, respond, recover,
adapt and evolve in reaction to chronic and acute stresses and
events that disrupt everyday systems and practices. Whatever
the source of risk, threat, stress or shock, there is growing recog-
nition from scholars and practitioners that embedding resilience
into complex systems within urban environments is a priority
(e.g. 100 Resilient Cities 2017; Butler et al. 2016; Lloyd’s Register
Foundation 2015; Ahern, 2011; Staddon 2010). Focusing on one
particular system of systems – that of the provision, manage-
ment and governance of water services – enables a focus on the
practicalities of embedding resilience across socio-ecological-
technical (SET) systems within urban spaces. Within this SET
water system, transition approaches to alternative and poten-
tially more resilient and sustainable configurations are well docu-
mented and highlight that a shift from grey to green or at the
very minimum grey-green hybrid systems is preferable (e.g.
Staddon et al. 2017a; Dunn et al. 2017; Butler et al. 2016; de
Haan et al. 2015, 2016; Farrelly and Brown 2011). This emphasises
a shift in the balance between the technical and the ecological. In
the context of the recent sustainable development goals (SDGs),
which apply to both developing and developed countries and
span the triple bottom line, it represents environmental, eco-
nomic and social dimensions (Sachs 2012; UN 2017). It also
becomes crucial to reinforce the equity principle of sustainable
development, which orientates around fairness (World
Commission on Environment and Development 1987; Waas
et al. 2011). The social dimension is only beginning to feature
in engineering assessments of infrastructure systems in some
contexts (Ashley et al. 2013). Greater attention and effort are
needed to shift the balance in resilient SET systems toward
socially inclusive design and engineering processes. That is,
whilst it is clients who commission engineers to build assets,
engineers must take on board that the clients of those clients
are people and communities, and it is these communities that
ultimately use and benefit or suffer due to those assets (Staddon,
Sarkozi, and Langberg 2017b).
Whilst still engineered, green infrastructure (GI; categorised in
Hoang and Fenner 2016; Vogel et al. 2015) and nature-based
solutions (NBS) (and other such terms, including those outlined
in Fletcher et al. 2015), are inherently less centralised approaches
to infrastructure provision. These approaches can offer multi-
objective delivery of services that meet the needs of everyday
social practices or water-using microcomponents of demand, as
well as bringing additional health andwell-being benefits (Zuniga-
Teran et al. 2017; White et al. 2016; Alcock et al. 2014; Browne et al.
2014; Tzoulas et al. 2007). Yet their decentralised character pre-
sents a challenge, where ownership and agency may be distrib-
uted amongst a range of organisations and communities (Ward
and Butler 2016; Hoang and Fenner 2016; Winz, Brierley, and
Trowsdale 2011; Winz, Trowsdale, and Brierley 2014).
Methodologies for the inclusion of broad socio-technical, institu-
tional, governance and planning (i.e. top-down) perspectives are
also well documented in the literature, including cooperative
management, new institutional arrangements and planning
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disruptions (e.g. Schramm et al. 2017; Malekpour, Brown, and de
Haan 2017; Brown and Keath 2008). But we know far less about
the appropriate methodologies of how best to include social
impact relating to individuals, households and local communities
(i.e. bottom-up) (Wutich et al. 2017; Jepson et al. 2017; Winz,
Brierley, and Trowsdale 2011). To embed community scale resili-
ence in SET water systems to subsequently enhance urban resi-
lience, participatory approaches and social impact assessment
methodologies require embedding in engineering assessments,
particularly for GI and NBS. Resilience emerges not only from
‘what’ things are done in relation to critical SET infrastructure
systems, but in the ‘how’ of their conception, co-creation and
integration across scales (Staddon, Sarkozi, and Langberg 2017b;
Winz, Brierley, and Trowsdale 2011), which can only be recognised
through the inclusion of the ‘whos’ behind the ‘how’ (Spano et al.
2017). Who participates, how do they participate, using what
interventions and for what ultimate goal?
Without consideration of the ‘whos’, contestations regard-
ing the socially positive effects resulting from GI emerge.
Earlier research demonstrates that non-inclusive and poorly
planned GI can lead to greater social inequality, with people
from disadvantaged backgrounds forced to relocate, or being
locked out of benefitting from improved ecosystem services.
In some locations, such as Los Angeles, cultural politics has
also been shown to interplay with green space use, with park
or neighbourhood ethno-racial profiles being felt as unwel-
coming or exclusionary to some groups who may have also
experienced direct discrimination in those green spaces (e.g.
Frantzeskaki et al. 2017; Haase et al. 2017; Wolch, Byrne, and
Newell 2014; Byrne 2012; Abercrombie et al. 2008). GI can only
work as an ‘inclusive’ intervention if different groups and
social environments are respected, through participation in
the co-production of decision-making criteria, even if these
processes are more resource intensive (Haase et al. 2017). This
requires reconfiguration of assessments that have in the past
prioritised technical, economic and environmental dimen-
sions, primarily through the use of quantitative tools such as
cost-benefit analysis, life-cycle analysis, performance assess-
ments, optimisation, ecosystem services assessment and risk
assessments (Cousins et al. 2017; Hall et al. 2017; Look and
Field 2017; Parsons et al. 2017; Naderpajouh et al. 2017).
Some resilience metrics and indices include social dimen-
sions, including the City Resilience Index (100 Resilient Cities
2017), the Baseline Resilience Indicators for Communities
(‘BRICS’, Cutter, Burton, and Emrich 2010) and methods devel-
oped under the ‘Safe and SuRe’ project (Casal-Campos et al.,
TBC; Sweetapple et al. 2017; Butler et al. 2016; Casal-Campos
et al. 2015), but these do not necessarily follow through to SET
water system engineering assessments. For example, Casal-
Campos et al. (2015) only include one ‘social impact category’
termed ‘acceptability’, which is a user-determined indicator of
high/medium/low operationalised using arbitrary units of 1, 2
or 3 assigned to an intervention under a particular scenario.
The UK’s Benefits of SuDS Tool (‘BeST’; SuDS refers to sustain-
able drainage systems) (CIRIA 2017) provides a structured
approach to evaluating benefits. Its ‘social’ benefit categories
orient around amenity, building temperatures (implied health
impact), crime (implied wellbeing impact), education, health,
recreation and traffic calming (implied health benefit). This is
in addition to five ‘user defined benefits’, but it is suggested
that both the social and user-defined categories can be repre-
sented by a monetised value (if some evidence is gathered).
This suggests that to enhance GI and NBS engineering assess-
ments with GI appropriateness and social inclusivity aspects,
greater consideration of appropriate social impact assessment
methods needs to be forthcoming. Thus, notwithstanding
such emerging work in this area, this review paper aims to
further elaborate on this gap in the state of the knowledge.
Through an extensive review of past, present and considera-
tion of future assessment styles for grey to green infrastruc-
ture engineering, we explore how this gap may begin to be
addressed by suggesting an area for further research.
This review paper proceeds as follows. Firstly, we review the
past domination of monetisation in grey but then green infra-
structure engineering assessments. Then, wemove to review the
present focus on ‘greening’ coverage of environmental dimen-
sions within both grey and green infrastructure engineering
assessments. Finally, we consider the future of diversified (rather
than just hybrid) engineering assessments (hybrid = two compo-
nents; diversified = more than two components) by suggesting
and reviewing some approaches to include social assessment.
Hybridisation is important as the more diversified is an assess-
ment, the greater the potential for reducing uncertainties in the
assessment of resilience and sustainability. In turn, this may
mean greater confidence for stakeholders in ensuring they go
further to be inclusive of and appropriate to all aspects, as far as is
currently possible. We suggest that tools such as social impact
assessment have their place alongside their economic and envir-
onmental counterparts, which is essential for achieving amongst
other things the SDGs. In our conclusion, we reiterate the main
themes of discussion. In terms of methodological approach, this
comprised a thorough review of the relevant literature and
a meta-analysis of 10 extensive multiple organisation resilience
engineering agenda setting scoping studies completed through
The Resilience Shift coordinated by Arup funded through the
Lloyd’s Register Foundation’s Resilience Engineering initiative.
Through this meta-analysis, we were able to uncover the central
tendencies in how the engineering community worldwide is
thinking about and approaching resilience. The authors were
responsible for one of the scoping studies, as well as a portfolio
of case studies on GI and urban resilience, as part of the initiative.
2. The past: monetising engineering assessment
Historically, engineering tools and assessments have included
a range of modelling and simulation approaches such as empirical
methods, agent-based approaches, systems dynamics, economic
theory, network-based or graph theorymethods and optimisation.
However, most mathematical or quantitative methods present
a narrow field of application usually focusing on probabilities (as
in risk assessment) or probabilistic approaches (Cousins et al. 2017;
Hall et al. 2017; Look and Field 2017; Parsons et al. 2017;
Naderpajouh et al. 2017). The priority of design and assessment
has predominantly been to focus on the financial and economic,
or monetised aspects, usually through cost-benefit analysis (CBA).
For example, performance objectives and indicators are currently
interpreted and assessed in design guidance documents, such as
the Levee Handbook-CIRIA C731; EurOtop: The overtopping
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Manual; The Flood Estimation Handbook and the Risk assessment
for flood and coastal defence systems for strategic planning
(RASP) (Parsons et al. 2017). The designs produced through the
application of these manuals and guides are then generally sub-
ject to CBA (Naderpajouh et al. 2017). This is paralleled in the field
of natural resource management, where natural capital account-
ing has been used since the 1980s to determinewhether countries
are building or depleting their natural wealth, which will impact
their ability to sustain their economic growth (Science for
Environment Policy 2017). Methods within this field include pay-
ment for ecosystem services (PES), where ecosystem assets
(stocks) and services (flows) are quantified in both monetary and
biophysical units using tools such as INVEST (Integrated Valuation
of Ecosystem Services and Tradeoffs) and RIOS (Resource
Investment Optimisation System) (The Nature Conservancy
2018). We will return briefly to PES-style approaches in Section 3,
which explores the ‘greening’ of engineering assessment.
With specific reference to GI, CBA has been used widely in
practice, across the globe, for example, in the USA (NOAA
2015; USEPA 2014) and China (Liu et al. 2016) (a range of
examples can be revealed with a simple internet search or
for the UK visiting the ‘SusDrain’ website). The monetised
approach of the previously mentioned BeST (CIRIA 2017) is
a common one, even for intangible benefits relating to health,
education and recreation that may not be particularly suitable
for monetisation. However, there is a strong consensus that GI
practices are more cost-beneficial than grey – as well as GI
yielding additional benefits. For example, in the case of con-
structed wetlands, research suggests they are cheaper than
conventional ‘end of the pipe’ systems while providing addi-
tional community benefits (Levy et al. 2014). Construction
costs of constructed wetlands are lower than traditional grey
infrastructure by about 20–30% and their implementation may
lead to avoidance/delay in requiring additional grey infrastruc-
ture, along with energy savings (due to gravity-based pro-
cesses) and lower staff costs. In a CBA of competing GI and
grey infrastructure, Levy et al. (2014) identified GI as the most
effective solution.
However, regulations for constructed wetlands that mandate
particular water quality goals may offset this financial benefit if
wetland performance does not result in such goals beingmet. The
prescriptive norms-based model of regulation is also harder for GI
to meet as even engineered natural solutions offer stochastic not
fully prescribed outcomes (Staddon et al. 2017a). Further to this,
Liu et al.’s (2016) stormwater-focused case study, located in
Beijing, undertook a CBA of four interventions (green space
depression, porous brick pavement, storage pond and
a combination of all). The bespoke method estimated costs
based on the average service life method, infrastructure-related
benefits based on seven types focusing on water/stormwater
reduction and utilisation, the estimate of stormwater and pollu-
tion reduction and the use of three cost-benefit indexes to com-
pare economic feasibility. The average ratio of benefits to costs
was estimated to be 1.91, with the combined intervention option
yielding a ratio of 2.14. Whether this represents the real social
value of the interventions to residents living in or near these
developments is undetermined by the study, but we will return
to this theme in Section 4, which explores ‘humanising’ engineer-
ing assessment. In the case of GI, it is not a client (e.g. a company,
a municipality) who pays more or less, but rather there is poten-
tially a shift in responsibility from a public/private entity to indivi-
dual residents (depending on context). Overall, economic
assessments may find GI to be cheaper, but not for the individual
residents who may not have had to pay stormwater services
before and therefore issues of inclusivity may arise – should it be
assumed that everyone should and can share the responsibility?
More recently, CBA has been enhanced to include resilience in
the form of a proposed ‘Resilience Return on Investment’.
However, as with risk management techniques, this relies on
probabilities of events occurring, which focuses on the identifi-
cation of direct and indirect risks, an approach that is not con-
sidered to encompass resilience as resilience is not inherently
probabilistic (Sweetapple et al. 2017). Additionally, we observe
a growing consensus in the literature that resilience engineering
must consider how organisations and systems function as
a whole (Staddon et al. 2017a). There is an urgent need to
develop the significant body of theory-related work on resilience
into practice as engineers are beginning to determine how to
apply concepts and new tools in the real world, underpinning
action with evidence-based research. This broadening of appli-
cation has occurred recently through a shift from specification-
based to performance-based engineering (‘properties’ versus
‘performance’ (Butler et al. 2016) or ‘what’ and ‘how’ (Staddon
et al. 2017a)). The latter has yet to become mainstream, possibly
as some tools and approaches to engineering assessment of
existing and new infrastructures require adapting for emerging
agendas and priorities to focus more on a safe to fail rather than
fail-safe philosophy (Sweetapple et al., TBC; Dong, Guo, and Zeng
2017; Sweetapple et al. 2017; Ahern, 2011). Additionally, it is
recognised that there are few specific examples of where resi-
lience engineering is integrated into project-level decision-
making, due to regulation, guidance and standards being seen
as restrictive. However, one positive example is Copenhagen’s
Cloudburst Management Plan, which integrates these levels
across the decision-making process (Cousins et al. 2017).
Whilst the focus to date has been monetising infrastructure
assessment, applying systems and resilience thinking in practice,
particularly as the transition from grey to green infrastructure has
been forthcoming, brings with it an expectation that other aspects
will also be included in engineering assessments. Other variations
on CBA include its combination with geographical information
systems (GIS) and building integrated management (BIM) systems
to yield hybrid GIS-CBA and CBA-BIM approaches (Hall et al. 2017).
Consequently, there has been a dominance of monetising infra-
structure assessment, primarily as minimising cost was the main
priority. However, this is changing as recognition that multiple
benefits for minor additional cost can be worthwhile.
Furthermore, GI has risen up the agenda and become a focus of
assessment itself, necessitating consideration of consequences for
the environment or ecosystems. The following section discusses
approaches that have more recently been added to monetisation
approaches to better embed costs and benefits to the environ-
ment or ecosystems within engineering assessments.
3. The present: greening engineering assessment
Despite available tools in the field of natural capital accounting
and methods such as PES, which represent both monetisation
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and consequences for the environment, until recently they were
not widely embedded into urban water engineering assess-
ments, perhaps with the exception of the previously mentioned
BeST. Recently this has changed and perhaps the most well
known and applied addition to represent environmental aspects
within urban water infrastructure engineering assessment cur-
rently is life-cycle assessment or analysis (LCA) or life-cycle
impact assessment (as according to ISO 14040:2006 and
14044:2006). Traditionally used to assess environmental impacts
associated with product design, manufacture and decommis-
sioning, LCA has more recently been applied to wastewater,
drinking water, stormwater and integrated urban water systems
(Byrne et al. 2017) and to compare decentralised and centralised
water systems for potable water production from harvested rain-
water (Yan et al. 2017).
GI has also featured in such assessments, including in com-
parisons with and as hybrid solutions alongside conventional
systems (such as sewers and combined sewer overflows (CSOs),
in the case of waste and stormwater) (Spatari, Yu, and Montalto
2011; de Sousa, Montalto, and Spatari 2012). For example,
Spatari, Yu, and Montalto (2011) conducted a life-cycle energy
consumption and greenhouse gas emissions analysis between
conventional street design and GI, street trees, and permeable
surfaces. A slow payback time was explained through GI redu-
cing runoff and energy use, but potentially consuming more
embodied energy. Similarly, Jeong et al. (2016) examined low
impact development (LID) interventions such as bioretention
areas and rainwater harvesting within a hybrid green-grey sys-
tem across multiple residential zones. The LCA estimated
a higher impact from the hybrid system than from the conven-
tional system where population densities were low; an effect
not seen at higher densities. A similar ecological-economic
technique trialled on constructed wetland and conventional
wastewater treatment systems in Beijing, emergy analysis,
used the ratio of purchased/free, local/imported (both exclud-
ing wastewater) and the ratio of electricity emergy used to
characterise three kinds of wastewater treatment systems in
terms of self-sufficiency, indigenousness and environmental
effect, respectively (for bespoke system parameters). Results
included a ratio of purchased inputs to free inputs for con-
structed wetlands of 3.4 compared with substantially higher
ratios for activated sludge (1450) and cyclic-activated sludge
systems (1583) (Zhou et al. 2009).
Moving from LCA-based methods to those that consider
a wider range of benefits, we can refer back to the BeST (CIRIA
2017). With regard to ecosystem services, this considers support-
ing, provisioning, regulating and cultural services provided by GI
interventions such as SuDS across the social-financial-
environmental triple bottom line. Ecologically focused benefit
categories that also focus on services for people include air quality,
biodiversity and ecology, carbon reduction and sequestration,
groundwater recharge and water quality. BeST has been applied
to a range of case studies in the UK, such as in the Yorkshire Water
area for conventional drainage and SuDS approaches (four combi-
nations), respectively, to prevent CSOs. Conventional approaches
did not cover cultural services such as recreation or amenity,
regulating services such as flood or carbon management, provi-
sioning services such as treatingwastewater or supporting services
such as biodiversity/ecology enhancement. The resulting CBA
revealed that publically-run SuDS represented the most positive
balance between costs and benefits.
Some of the current difficulties around GI implementation
and specification within engineering design, particularly for
England and Wales, stem from a lack of guidance and stan-
dards. However, the recent release of the Building with Nature
Benchmark for GI (Sinnett, Smith, and Burgess 2015;
Gloucester Wildlife Trust and UWE, Bristol, Sinnett et al.
2017) could help resolve such issues as it covers themes of
wildlife, water and wellbeing (in three levels of achievement –
candidate, achieved and excellent). The benchmark highlights
that GI needs to respond to the local context and that cur-
rently the quality and appropriateness of GI decline through
the planning process, with a corresponding lack of enforce-
ment on delivery quality (Sinnett et al. 2017, 2018). As it
provides a suite of 24 flexible standards for application across
spatial scales, it would be relatively straightforward to embed
the benchmark in engineering assessment. This could be an
exciting new stage in its development, which is currently at
the testing phase in ‘front runner’ urban developments in the
UK to ensure that well-thought-out urban developments with
GI would be assessed as qualifying for the benchmark and
those that are not, would not. However, a limitation identified
was whether applicants had submitted adequate information
on the role of GI in reducing health inequalities and over-
coming GI access barriers for vulnerable groups (Sinnett et al.
2018). In addition, benchmarking and certification could pre-
sent a challenge if they require payment of a fee, which could
be off-putting to urban developers (Parsons et al. 2010) or
exclusionary to poor neighbourhoods (where residents might
have to directly fund retrofit GI), whereas wealthy neighbour-
hoods might already have the resources needed. There could
also be eligibility differences between these neighbourhoods
in applying for support or co-funding, which could raise inclu-
sivity issues (Staddon et al. 2017a).
Between the case studies identified for the agenda-setting
scoping study conducted by the authors (Staddon et al. 2017a)
and the work undertaken by Sinnett et al. (2018), we can
identify examples of what ‘good ecologically focused’ and
benchmark GI might look like, with the later showing that
high-quality GI can be achieved outside that envisaged only
for exemplary urban developments. We took ‘good ecologi-
cally focused’ GI to mean consideration of performance and
sensitivity in relation to the surrounding natural environment,
which is an aspect of context-appropriate GI. This was demon-
strated particularly well in two case studies from South Africa,
one fully implemented and one at an experimental scale:
(1) Constructed wetlands in Krueger National Park (KNP)
(Staddon et al. 2017a) – with a permanent staff popula-
tion of 2200 and a transient annual tourist population
of 1.5 M, nature-based wastewater treatment infrastruc-
ture is both ecologically sympathetic and compliant
with Department of Water and Sanitation regulations
for the release of treated water back into aquatic sys-
tems and for human consumption. Ponds combined
with sub-surface flow constructed wetlands ensure
that 365 megalitres are treated and returned
each year through systems that echo the surrounding
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environment and also aim to improve biodiversity.
Aiming to achieve the ‘Green Drop Certification’, KNP
is working with a range of key performance indicators
in the context of a variable natural and human environ-
ment, where wildlife and seasonal factors (elephants,
floods), and human factors (illegal sewage discharge,
landfill leachate) require innovative and cost-effective
interventions;
(2) Floating treatment wetlands in Johannesburg (Staddon
et al. 2017a) – experimental floating treatment wet-
lands with custom-designed plant mixes reflecting the
local area were evaluated over a two-year duration at
two city sites. Results showed that water quality (metal
and non-metal removal) and biodiversity were
enhanced. Additional benefits were also identified in
relation to financial and employment opportunities in
local low-income communities, demonstrating social
inclusiveness.
In relation to benchmark-qualifying GI in urban development
at the outline planning stage, these were documented as
representing (Sinnett et al. 2018):
● Local, ecological and heritage designations, broad ecolo-
gical networks, landscape character, flood plain and sur-
face waters;
● Connections between and contributions across policy
and approach;
● How the GI would contribute to climate change adapta-
tion, as well as mitigation for ecological networks, air, soil
and water quality and water management;
● Consideration of long-term maintenance and manage-
ment (usually provided at a later stage in the planning
process), including funding and governance of these
aspects;
● Comprehension of the meaning of community participa-
tion in the decision-making process, implementation and
long-term ownership.
This final point highlights that whilst the discussion in this
section shows momentum has gathered in considering the
ecological aspects of GI and its incorporation in engineering
assessment (‘greening’), which will continue to enable envir-
onmental impacts and consequences of infrastructure provi-
sion to be included, the more people-focused aspects of GI are
only now beginning to become visible. Whilst this is an
encouraging step towards including multi-system resilience
indices and metrics to embed sustainable development within
such assessments, greater depth is required when considering
representation of human and social perspectives, which we
explore in the following section.
4. The future? Humanising engineering assessment
In the previous two sections, we have focused on how engi-
neering and resilience assessments to date have incorporated
primarily economic and environmental approaches, through
methods such as CBA, PES and LCA. To consider the third pillar
of sustainable development and more fully engage with the
SDGs, our attention now turns to the representation of the
social (non-individual) and human (individual) within such
assessments. Rohilla, Jainer, and Matto (2017) assert that the
most significant social benefits that appropriate, inclusive,
accessible GI can provide cover the three areas of enhanced
levels of physical activity and health; promotion of psychologi-
cal health and mental well-being; and facilitation of social
interaction, inclusion and community cohesion. Many agenda
setting scoping studies referred to human dimensions of resi-
lience and engineering assessment, acknowledging that stake-
holders, organisational and social dimensions should be
included (Cousins et al. 2017; Hickford et al. 2017; Kupers and
Foden 2017; Look and Field 2017; Naderpajouh et al. 2017; Neef
et al. 2017; Owen et al. 2017). However, they were generally not
explicit in their coverage of how this should be undertaken and
represented in engineering assessment.
Few studies offered any depth or articulated tools or meth-
ods for incorporating social dimensions into engineering and
resilience assessments. Rather, we saw more technocratic
representations and framings of ‘human factors’ (in the context
of aviation and maritime transport engineering; Owen et al.
2017), asserting these factors should be considered to under-
stand interactions between people and their surroundings. This
was to optimise well-being and system performance through
human adaptive capacities (though recognising human limits),
but in a more user-centred rather than participatory sense
(understanding versus co-production). Others assert that insti-
tutional aspects (human-made interactions, formal and infor-
mal structures, practices, rules, and norms (Schramm et al.
2017)) are omitted frommost resilience heuristics, recommend-
ing more integrated approaches (following Cutter, Burton, and
Emrich 2010), but failing to articulate exactly how to embed
such social aspects into engineering assessment. Finally, we
also find scholars highlighting the importance of integrated
systems approaches (including social systems), with resilience
thinking and engineering education as being core to working
intelligently and creatively across disciplines, but not seeing the
engineer as a technical expert in all areas (Parsons et al. 2017). In
light of these findings and reflecting on past and present
approaches to engineering assessment, we suggest that
urban water engineers and managers have attempted to
become comprehensive experts in all areas related to urban
water infrastructure assessment. Yet, Vanclay (2002) warns
against this type of approach highlighting that training in the
social sciences is required if even considering the construction
of a checklist of impacts, due to a required understanding of
social change processes that influence social impacts at any
given time – a point we will return to later when discussing the
inclusion of social impact assessment practitioners (section 4.2).
If indicators are to more coherently include human and social
dimensions, the next logical question to askmight be: will there be
a measurable difference in the quality of life in the community
(vulnerable or otherwise) as a result of the proposed intervention?
To enable exploration of this question, we need to engender an
understanding within the engineering community of the types of
approaches that could be used to further diversify assessments
and enhance capacity in this area. This is perhaps most important
in relation to the rise of GI implementation, as concerns over
appropriateness and inclusiveness have already been raised
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where inappropriately planned GI has forced people from disad-
vantaged backgrounds to relocate or locked-out the benefits to
themof improved ecosystem services (e.g. Frantzeskaki et al. 2017;
Haase et al. 2017; Wolch, Byrne, and Newell 2014; Byrne 2012;
Abercrombie et al. 2008). Next, we present some potential
approaches that could be used to begin to build capacity in
relation to social assessment and thinking beyond CBA/LCA to
enable the engineering community to consider broadening cover-
age of human and social dimensions such as appropriateness and
inclusivity.
4.1. Defining social appropriateness and inclusivity
Socially appropriate and resilient GI could be taken to mean
infrastructure that is sensitive to and adaptable within its social
as well as natural context (i.e. shares and complements character-
istics within its local setting) and is tailored to local needs and
capacities (Kupers and Foden 2017; Spano et al. 2017; Staddon
et al. 2017a). Similarly, inclusivity ensures all socio-economic, min-
ority, psychological and potentially disadvantaged groups (people
with disabilities, people without car access, young people, home-
less people, those who may be discriminated against on the basis
of race, gender, nationality, religion, age, sexual orientation and so
on) are represented in a public deliberation process where GI is
being considered within urban development (Spano et al. 2017;
Staddon et al. 2017a). If GI is part of an urban resilience strategy,
critical assessment of potential impacts on well-being and social
equality must apply to any planned intervention. This inherently
requires consideration of the role of institutions and institutional
arrangements alongside physical infrastructures and how well
people cope with resultant challenges (Naderpajouh et al. 2017).
Cutter, Burton, and Emrich (2010) emphasise complementary
quantitative and qualitative indicators and analysis are needed
and suggest the previously mentioned BRIC indicators in five
categories of social resilience, economic resilience, institutional
resilience, infrastructure resilience and community capacity. The
BRIC assessment is regional, with county-level resolution and
spatially presented results. They also highlight composite indica-
tors are tools to facilitate public communication, raising awareness
for data-driven decision-making and trend analysis associated
with policymaking based on a range of issues, although there is
also inability to formalise some value systems into composite
indicators (Nardo et al. 2005). The City Resilience Framework is
similar in that it identifies 12 indicators to differentiate a resilient
from non-resilient city, though how such indicators are aligned
with or represent social impacts of engineered systems and how
they can be down-scaled into engineering assessments is still
uncertain (Arup & Rockefeller Foundation 2015). To explore this
point further, we consider some non-engineering approaches to
the assessment of value and impact analysis.
4.2. Social impact assessment
In the context of Comparative Value Assessment (CVA), metrics
can orientate across utility (usefulness, purpose, benefit), quality
(requirements, reliability, effectiveness), time (productivity, effi-
ciency) and social (reputation, culture, integrity, meaning, social
good), where the aim is to protect these values by understanding
how they are created, where they are situated and how they
might be vulnerable to external threats. Infrastructure-related
value items, therefore, require defining, mapping and assessing,
alongside prioritisation of needs and development of adaptive
capacity. Look and Field (2017) outline a clear methodology to
do this for general infrastructure systems, but it is not specific to
water management or GI projects. In addition, we can consider
other methodologies that fit under the broad banner of social
impact assessment (SIA), which is in a general sense the process
of identifying the future consequences of a current or proposed
intervention with respect to individuals, organisations and social
macro-systems (Becker 2001; Mahmoudi et al. 2013). SIA (which
can also include the terms analysis and measurement) can be
categorised into three different logic models and assessment
approaches, defined in Table 1 (Nicholls 2015; Karami et al.
2017; Aledo-Tur and Dominguez-Gomez 2017). Distinction is
made between a (strongly numerical) positivist (technocratic)
epistemology and constructivist models that focus on socially
constructed realities across multiple value systems, rather than
empirically constructed realities with a primarily Western value
system (Aledo-Tur and Dominguez-Gomez 2017).
Some approaches are evolving. Social Return on Investment
(SROI), for example, originated as a positivist approach, but due
to a realisation that more accurate numerical models of SIA were
not forthcoming, it morphed into a set of principles that include
power relations and materiality judgements alongside CBA in
a consultative process to assess blended value (Esteves, Franks,
and Vanclay 2012; Nicholls 2015). Similar approaches include the
Balanced Scorecards/dashboards used in the corporate domain.
Interpretive methods encapsulate key social impacts in complex
or integrative contexts by welcoming collaborative learning,
subjectivity and dialogue, which contribute to vocalising the
beneficiary (‘user’) in the assessment. A critical question to ask
when using these approaches, however, is who is best placed to
generate or elucidate the most accurate social impact data? This
could include ‘users’ (external stakeholders) and ‘producers’
(organisations requiring external input for an intended purpose)
and will usually require trust amongst them (Nicholls 2015).
Another critical question orients around the familiarity of
Table 1. Different logic models for social impact assessment*.
Epistemology Focus Assessment Example
Positivist
(technocratic)
Truth Captures empirical reality Accounts
Critical theorist
(constructivist)
Power Enacts power mechanisms Participatory
approaches
Interpretive
(constructivist)
Dialogue Representation for discussion
between practice and
stakeholders
Stakeholder
driven
*modified from Nicholls (2015); Karami et al. (2017); and Aledo-Tur and Dominguez-Gomez (2017)
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a challenge or situation. Nicholls (2015) illustrated this ‘uncer-
tainty’ dimension alongside the trust dimension and mapped
different SIA methods onto these spectra (Figure 1). In the top
right hand corner, ‘developmental evaluation’ represents con-
texts where no current SIA may exist and therefore attention is
required to develop a new approach. This is arguably the current
situation for inclusivity and appropriateness and human and
social impact of GI SIA and indeed integrated SET GI assessment.
It is necessary to go deeper into the concept of participation,
because it is one of the variables that better illustrates the
epistemological differences. In addition, understanding partici-
pation is essential to correctly co-design objectives, methodolo-
gies and fieldwork strategies. Participatory approaches, co-
production and the inclusion of different knowledge (expert,
lay, local) provide a space to focus on and rebalance power
dynamics. This emphasises the value of all knowledge, not just
those of a privileged, scientific or generalizable nature, but also
those that are narrative, emotive or local (McEwen and Jones
2012). Exploring this further is beyond the context of this paper,
but consideration of SIA practices in engineering assessments
would begin to widen awareness of how crucial such participa-
tory approaches are to increasing inclusivity and enhancing
urban resilience.
Whilst the CIRIA BeST was created for use in developmental
evaluation (and includes ‘user defined’ indicators), the ‘social’
impact indicators it covers are limited, potentially as mainly
producers rather than users were consulted in its creation
(how many householders living with or in close proximity to
GI were consulted for example). As previously mentioned, this
is likely due to the nature of the professions of those who
designed it and although co-produced with other experts,
may have lacked participatory deliberative processes with
local communities to truly address power relations and eluci-
date important indicators for inclusion (Vanclay, 2002).
Following the principles of inclusivity and appropriateness
requires participatory dialogue through a process that
Table 2. Existing and potential future social, inclusivity and appropriateness impact indicators for engineering and resilience assessment.
‘Social’ indicators in existing engineering/resilience assessments
Potential future inclusivity & appropriateness indicators in future engineering/resilience
assessments
Acceptability Adaptability – ability to be re-configured for different groups (depending on age, vulnerability etc.)
Accessibility/mobility Aspirational – for present and future
Autonomy – changes in independence or self-reliance
Amenity, recreational opportunities (including space for rest,
relaxation, play, activity, interaction, reflection)
Connection – recognising and supporting peoples’ connection to place and different
environmental features (types of water course, types of vegetation, hills, flat areas)
Aesthetics Connectivity/integration – ability to link people of all backgrounds, as well as places
Crime Culture – representative of local (and even regional) beliefs, customs, values, language/dialect
Density of acquaintanceship/family/friend networks
Disruption – to daily living, travel etc.
Displacement prevention (harm avoidance)
Education Diversity – representative of all grouping with differing needs in deliberative processes
(including, where appropriate, transient populations)
Green collar jobs Equity – ability to fairly distribute resources and benefits across different communities (of
background, interest or location), as well as perceptions of equity
Heat stress mortality Exclusionary displacement (combats exclusion due to marketization/gentrification/unaffordable to all)
Health Exposure to a range of experiences (pleasant/unpleasant)
Mental health (anxiety, apathy, depression, nostalgic
melancholy)
Fears – for safety, the future, childrens’ future
Gender equitable
Integrity – traditional sites or practices are unaffected
Location detachment avoidance (harm avoidance)
Pollution capture Balances or re-frames norms
Property value Power-balance
Sense of place Self-image/self-esteem (change of, negative or positive)
Traffic Stability – works to build cohesion rather than displacement
Uncertainty
Familiar (high knowledge)
Unfamiliar (low knowledge)
Direct-Relational (observable)
Indirect-Evidential 
(analytical)
Trust
Visits, dialogue, governance
Participatory
Developmental evaluation
Impact studies 
Social return on 
investment, 
Mixed methods
Randomised 
controlled trials
Certification & audits
Figure 1. Mapping Social Impact Assessment methods onto uncertainty and trust spectra*.
*modified from Nicholls (2015).
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engages groups truly representative of the wider population,
with that process not dominated by ‘experts’, participants with
strong views or that disproportionately come from socio-
economically advantaged backgrounds in order for power
relations to be explored. If not carefully planned, such pro-
cesses risk replicating inequalities and resource differentials
that characterise wider society (Staddon et al. 2017a). Two
100 Resilient Cities GI inclusive examples are located in
Bristol and New York, where the ‘Green and Black’ initiative
includes and empowers young Black and Minority Ethnic
(BAME) communities on environmental issues and environ-
mental stewards are encouraged through school programmes,
respectively (Staddon et al. 2017a).
‘Good’ SIA practice is participatory, provisions for those
directly impacted, increases understanding of the capacity to
respond to change (i.e. resilience) and avoids negative whilst
enhancing positive impacts for vulnerable and disadvantaged
people. We should, of course, acknowledge that vulnerability
and resilience are interconnected, with vulnerability focusing
on sensitivity and resilience focusing on adaptation, with litera-
tures on social vulnerability highlighting differentiated capaci-
ties for coping with change in relation to threats or hazards
(Brown 2015; Coirolo and Rahman 2014). In a socio-ecological
context, vulnerability places a population at the centre of socio-
environmental problems, whereas resilience may not. In a SET
context, with the added complexity of infrastructural influences
on people’s vulnerability, differentiated capacities for coping
and adapting can lead to an overemphasis on the vulnerable as
‘victims’. In this context, the status of ‘victim’ may confer
a widely accepted moral authority, which may or may not be
appropriate depending on motivations for change. For exam-
ple, institutional bias towards engineered measures rather than
behavioural approaches may be legitimised and reinforced by
decision-makers’ contact with the most vocal advocates of such
measures (Harries and Penning-Rowsell 2011).
This does highlight, however, the political aspects of both
vulnerability and resilience where power differentials play out,
which are of importance in promoting social justice, fairness,
equality, inclusivity and appropriateness (Huynh and Stringer
2018). The engineering approach currently focuses largely on
functional social justice, undifferentiating reasons for vulner-
ability (e.g. those who chose to live in high-risk areas versus
those that do not), falling short of incorporating equality and
environmental sustainability and ultimately social justice
(Harries and Penning-Rowsell 2011). Focusing on a broader
interpretation of social justice within a resilience-focused and
vulnerability-informed framework could help facilitate a more
positive and balanced people-centred approach to resilience
in engineering assessment than that which currently exists.
There is a vast literature on citizen science, participatory
approaches and public engagement methodologies that can bet-
ter inform GI engineering assessment processes (e.g. National
Coordinating Centre for Public Engagement1 website, Sense
About Science2 website and Waterwise’s recent Behaviour
Change Handbook3). Managing the social impacts associated
with planned GI interventions is key and the SIA profession can
be better represented by including SIA practitioners4 from the
concept stage of an urban development considering (new or
retrofit) GI implementation (Esteves, Franks, and Vanclay 2012).
To make SIA more explicit in projects, including those focusing on
drought and flood impacts, Mahmoudi et al. (2013) produced
a framework to combine SIA and risk assessment yielding a risk
and social impact assessment (RSIA). They also discuss other
possible hybrids including SIA and environmental impact assess-
ment and SIA and health impact assessment (the mental health
and well-being aspects of which have been examined in relation
to rainwater harvesting, SuDS and GI in the UK context by Fewtrell
and Kay (2008)). Further to this, they emphasise the inclusion of
social norms, values and beliefs that may be real or perceived at
scales ranging from personal through familial to community. They
also categorise high and low impacts into intended positive,
intended negative, unintended positive and unintended negative
and emphasise that they should be identified across time (before,
during, after) not just in a snapshot moment. Finally, they draw
attention to SIA being the management of an impact or conse-
quence, not just its identification.
A further study by Karami et al. (2017) on systems dynamics
(SD) and SIA, asserts that SIAs would bemore effective if utilised in
project design processes, suggesting that retrospective SIAs and
social simulations could inform predictive assessments. They use
an integrated SIA-SD approach highlighting SD assists in combin-
ing multiple datasets, understanding dynamic complexity, policy
resistance/negative feedback, identifying recurring and/or long-
term social problems and focusing on the problem rather than the
system. Using floodwater spreading case study in Iran to incorpo-
rate quantitative and qualitative data, they present a causal com-
parative SIA-SDmodel of villages with and without the floodwater
spreading scheme. The SIA consisted of six criteria including
perceived well-being, social capital, quality of life, social structure
development, rural and agricultural economic conditions and
conservation of community resources, all with a varying range of
items includedwithin each criteria category (given in full in Karami
et al. 2017). Referring to Ahmadvand and Karami (2009) and
through that paper to Simonovic (1999) revealed that although
criteria were both quantitative and qualitative, their derivation
was still through expert recommendation after conducting inter-
views with residents, rather than a fully iterative participatory
process and were not particularly representative of socio-cultural
or cultural political criteria or inclusivity or appropriateness.
However, through the SIA-SD model, they produced a range of
scores across the six criteria indicating that the floodwater spread-
ing project had yielded benefits to the included villages.
SIA is not the only approach that may be useful in catalys-
ing hybridisation (inclusion of more than two components) of
GI engineering assessment. Methodologies from across the
disciplines could be examined for their applicability to the
challenge of embedding appropriateness and inclusivity, for
example, harm-benefit analysis.
4.3. Harm-benefit analysis
The field of harm-benefit analysis (HBA), which is primarily
used in the area of animal experimentation, assesses whether
(usually medical) interventions or procedures cause suffering
or severe suffering to the animals involved and if the reason-
ably foreseeable benefits outweigh the welfare costs (‘harms’)
(ASC, 2017). Recognised as utilitarian and quantitative, HBA,
like engineering assessment, has been subject to recent
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review to consider whether public engagement should be
more explicitly embedded in the process and how should
benefits accrued over the long term e judged. One of the
recommendations of the ASC (2017) review was enhanced
dialogue on societal views regarding certain types of harm,
which could be seen as parallel to some of the concerns raised
around some of the negative aspects of GI in developments.
Terminology used in this field includes contingent harms
(those that are inherent and inescapable e.g. as the result of
not being able to express natural behaviours), cumulative
effects and severity (so not just making a snapshot assess-
ment), project-related harms (caused by interventions) and
a severity limit (highest level of pain, distress or lasting harm
that may be experienced by an animal undergoing an
authorised procedure). In the context of cumulative suffering,
it is customary to give precedence to identifying and reducing
negative over positive effects. Perhaps inclusivity and appro-
priateness-related costs should be identified before such ben-
efits in the assessment of GI in urban developments?
Innovative HBA indicators and methods are being developed
to examine long-term experiences, so this field could prove
useful to explore in relation to humanising engineering and
resilience assessments over the lifetime of an urban develop-
ment. A full review of the methods used within HBA is beyond
the scope of this paper, but we have contributed to starting
the conversation regarding incorporation of unconventional
indicators and approaches within engineering and resilience
assessment.
To further consider the role of SIA and HBA, in the follow-
ing section we provide some initial suggestions on how to
embed social appropriateness and inclusivity in engineering
assessments.
4.4. Embedding social appropriateness and inclusivity in
engineering assessment
Informed by the SIA and HBA literatures and in considering
the other literatures presented within this paper (Zuniga-Teran
et al. 2017; Wutich et al. 2017; Sinnett et al. 2017; Karami et al.
2017; Winz, Trowsdale, and Brierley 2014; Alcock et al. 2014;
Esteves, Franks, and Vanclay 2012; Tzoulas et al. 2007), the
authors have crafted a set of existing and potential future
inclusivity and appropriateness indicators in Table 2. Existing
indicators are those that are already incorporated, future ones
are those that could be added subject to development with
appropriate participatory processes and that consider the
many properties of resilience (using the widest definition
represented across the literatures examined herein). This is
not intended to serve as a comprehensive list but rather as
an initial set of initiatives to inform the debate. They are
designed to stimulate dialogue and engage readers in the
kind of impact categories that are currently missing from
engineering and resilience assessments and that may need
fuller exploration through participatory processes. A fully
inclusive deliberative process should be followed, employing
the skills of SIA/HBA professionals in each urban development
considering the implementation of GI, in order for appropriate
and inclusive assessment indicators to be co-defined and then
assessed in each specific context.
However, to provide some examples of where inclusivity and
appropriateness have been apparent, we reflect on their repre-
sentation in GI-focused urban development case studies from the
previously discussed agenda setting scoping studies. Whilst not
necessarily ranking high or low in relation to any particular indi-
cator suggested or discussed herein, they provide general insight
on those aspects that could be explored through participatory
processes. For example, Tucson’s Sweetwater Wetlands, which
treat wastewater for reuse in golf courses, parks and school fields,
reduce potable water use as part of a reclaimed water system in
the city. Taking a harm-avoidance approach, Tucson Water imple-
mented a mosquito abatement program to reduce the risk of
vector-borne disease transmission-offsetting amenity, recreation
and educational benefits (though some of the actions such as
applying bacterial larvicide to ponds and controlled burns of
mosquito habitat may not be the most environmentally benefi-
cial). This highlights appropriateness, where GI has been consid-
ered in relation to the surrounding environment and some of the
potential human or social impacts that may result from imple-
menting the GI intervention. Some of the suggested potential
indicators from Table 1 that could be of relevance here include
(i) Disruption (to daily living) and (ii) Fear reduction (of being bitten
and consequent physical and mental health impacts).
In relation to inclusion, the Avalon Green stormwater alleys
project in Los Angeles, California, demonstrated exemplary
continuous participatory engagement activities with commu-
nities in the neighbourhoods adjacent to the alleys, which
began six years before any implementation to build trust
and balance power differentials. The installation of commu-
nity-designed murals alongside infiltration trenches and wells
ensured that sense of place and cultural identity were
embedded in the GI project – representing suggested poten-
tial indicators (i) Autonomy, (ii) Connection and (iii) Culture,
from Table 1. It is hoped the project will reduce crime and
retain a sense of community, ultimately resulting in a safer
neighbourhood (no data as yet available).
Finally, in Mendoza, Argentina, the cultural and heritage
legacy left by the Huarpes (original inhabitants of the river
basin) in the form of an irrigation network that had been repur-
posed as a stormwater network (which consequently became
overwhelmed), is being re-shaped using GI to return it to its
original purpose and avoid geographies of environmental injus-
tice. Additionally, the current stormwater system is inadequate
and a call has been made for consensual regulation to avoid
social fragmentation, loss of collective identity and to address
geographical inequity, as runoff currently flows to the lower,
more socially vulnerable or less resilient sectors of the city. This
example highlights the suggested potential indicators from
Table 1 of (i) Aspirations, (ii) Culture, (iii) Equity and (iv) Integrity.
5. Conclusion
In this paper, we chart the evolution of engineering and resili-
ence assessments for complex urban water systems. Beginning
with a review of the past focus on grey infrastructure and mon-
etising (e.g. cost-benefit analysis), to the present focus on green
infrastructure and greening (e.g. life-cycle analysis, payment for
ecosystem services) we suggest a potential future focus should
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be on grey-green infrastructure and humanising (e.g. social
impact assessment, harm-benefit analysis).
We consider and define the concepts of inclusivity and
appropriateness and their value in shifting towards fairer and
more socially just GI implementation. This shift should enable
embedding of all three pillars of sustainability, leading to full
diversification (inclusion of more than two components) rather
than just hybridisation (inclusion of two components) of engi-
neering and resilience assessments. In a complex socio-
ecological-technical system, such as that of water manage-
ment and governance, each of these pillars is crucial – if one
sub-system fails, the whole system is open to failure and thus
resilience reduced. Consequently, inclusivity to represent all
sectors of society is vital for social sub-system. Appropriate GI
is also key for long-term SET system function, without which
capacities for adapting, coping and learning may not be
effective.
In considering past and present approaches, we have high-
lighted that omitting complex social dimensions from assess-
ment can lead to reduced appropriateness and inclusivity in
the design, provision, management and governance of water
services. This is particularly the case in relation to stormwater
management, which has been a focus of GI implementation to
date. The embedding of humanising dimensions within engi-
neering assessments enables the ‘whos’ to be more explicitly
considered in the co-production of GI interventions. In turn, this
could improve appropriateness and inclusivity, subsequently
increasing capacities that more comprehensively enhance
urban resilience. Embedding the ‘whos’ in such assessments via
participatory and deliberative processes, therefore, becomes
a critical aspiration for the future. Crucial for the success of this
aspiration is for engineers to engage social impact assessment
professionals in their GI design and engineering processes.
The social dimension is only beginning to feature in engi-
neering assessment and more explicit focus is required in this
area. Through the literature and case studies covered we have
synthesised and suggested some potential indicators that
could be further explored to enhance capacity, such as adapt-
ability, aspiration, connection (emotional as well as physical),
culture, equity, integrity, self-image and stability. Throughout
the paper, we also provide international examples of GI pro-
jects that represent each stage of engineering assessment,
with a view to demonstrating how a shift to a more socially
appropriate and inclusive GI philosophy is being catalysed
across the globe. The next step is to bring together a range
of professions to more fully develop SIA indicators relating to
inclusivity and appropriateness and see how they operate in
the real world of GI for urban resilience.
Notes
1. https://www.publicengagement.ac.uk/resources.
2. http://senseaboutscience.org/activities/public-engagement-guide/.
3. TO BE PUBLISHED IN LATE 2018 – reference will be added ASAP.
4. The International Association for Impact Assessment (http://www.
iaia.org).
5. Lloyd’s Register Foundation is a charitable foundation, helping
to protect life and property by supporting engineering-related
education, public engagement and the application of research.
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